Genetics has become an important part of medicine, particularly in radiography and sonography. Ionizing radiation used by radiographers may affect genetic material, and sonographers are constantly attempting to define genetic fetal anomalies visualized in their patients. Genetics and fetal anomalies are already major components of courses dealing with obstetric, cardiac, and pediatric sonography and skeletal radiography. Recent imaging research focuses on combining genetic material with new chemical agents to visualize many disease processes, including cancer, and exposure to various microorganisms. For example, future imaging applications might include sonographic assessment for early signs of cardiovascular disease or cancer, as well as magnetic resonance imaging (MRI) assessment of the function of female organs, staging of cancer, or improved vascular evaluation techniques. Positron emission tomography (PET) also holds promise for geneticrelated imaging on neurologic disease processes such as dementia, Alzheimer's disease, and Parkinson's disease. As a result of academic discussions and the anticipated role of genetics in imaging modalities, the following question arose: How did they do that? That is, how are x-rays diffracted through crystalline material, as they were in the 1950s, to define the structure of DNA?
Sonography and radiography have contributed to the science of genetics and the diagnosis of resulting anomalies. Therefore, this educational project was intended to introduce students to the basic concepts in scientific imaging that are never seen in clinical diagnostic radiographic or sonographic laboratories by applying diffraction techniques to image production. Diffraction of radiation in crystallography and its contribution to the understanding of genetics continue to benefit and add to medical knowledge today.
Statement of the Problem
Students and faculty of the University of Arkansas Medical Sciences Radiographic Technology and Diagnostic Medical Sonography Programs, in the College of Health Related Professions, collaborated to conduct the diffraction experiment as an interdisciplinary project. The goal was to defract xrays through crystals to form diffraction patterns on film, give a basic explanation of the apparatus and process, and explain electromagnetic wave behavior and its relation to the Human Genome Project.
Historical Background

DNA AND THE HUMAN GENOME PROJECT
The molecule of inheritance and the storehouse of information about inheritable traits describe the substance known today as deoxyribonucleic acid or DNA. 1 Enzymes control the metabolic pathways that enable cells to survive. For cells to produce enzymes, they must receive the information telling them to do so. DNA is the series of building blocks that instruct the cells to perform this action. 2 Sugar and phosphate strands form this structure. The genetic material is composed of two strands of polynucleotides twisted together, forming the double helix or spiraled ladder shape. Each strand contains a series of nitrogenous bases. Nitrogen bonds, similar to the steps of a ladder, connect these bases. 2 The four possible nitrogenous bases are adenine (A), thymine (T), guanine (G), and cytosine (C). 3 Because adenine and guanine are two-ring structures and thymine and cytosine are single-ring structures, they pair up together in what are called complementary base pairs: A with T and G with C ( Fig. 1 ). This pairing of bases is constant for all species. However, each species has its own unique sequence of bases. The many combinations of sequences can consequently cause a DNA molecule to be several million base pairs long. The reason that life is so diverse is due to the infinite variety in arrangements. 2 Genetic sequencing is the basis for the Human Genome Project. The study represents "shorthand for an international collection of scientific efforts to characterize the form and content of the human genome." 4 The purpose of the project is to find genetic links and physical maps of human DNA sequences that will help in the study of gene structure and function. This research will provide insights into the treatment and possibly the prevention of inherited diseases, as tests can be developed to identify and localize specific disease-related genes by using reference markers that will flag undesirable genes. 4 The ultimate goal of the project is to obtain the DNA sequence for the 3 billion DNA subunits present in human DNA, which was achieved by April 14, 2003 . The finished sequence of the Human Genome Project involves approximately 99% of all the human genome's gene-containing regions and is sequenced to an accuracy of 99.99%. Now the possibility exists to improve diagnosis of diseases, detect genetic predispositions to diseases earlier, provide protection against biological and chemical warfare, assess health risks associated with radiation at very low doses, match organ donors with recipients more effectively, and investigate many other potential benefits. Francis S. Collins, MD, PhD, who is the director of the National Human Genome Research Institute, states, "Achieving the goals of the Human Genome Project is a historic milestone. But this is no time to rest and relax. With this foundation of knowledge firmly in place, the medical advances promised from the project can now be significantly accelerated." 5 Historically, students in the imaging modalities would have had little reason to study human genetic research. However, because of an increased emphasis on molecular imaging techniques using PET and MRI, as well as the importance of using sonography for diagnosing genetic anomalies in the fetus and in pediatrics, genetic research has become appropriate curriculum for all imaging providers. 6 
ROSALIND FRANKLIN
Rosalind Franklin was born on July 25, 1920, in London, England. Contrary to traditional roles for women at that time, she was very interested in learning math and science and attended one of the only female schools that taught physics and chemistry. Ms. Franklin passed the Cambridge University admissions test in 1938. She enrolled at Newnham College in Cambridge, always striving to be the best in her class. 7, 8 After Rosalind graduated in 1941, she earned her doctorate in physical chemistry from Cambridge as well. Before the age of 26, she published five papers on the nature of coal and charcoal and how to use them most effectively. Her early research helped to launch the field of high-strength carbon fibers. 7, 8 William Bragg introduced Rosalind Franklin to x-ray crystallography and the physics law he developed, now known as Bragg's law. Bragg's law states that when x-rays pass through a crystalline lattice, the atoms within the crystal diffract the xrays. The constructive and destructive interference of the diffracted radiation creates a pattern of spots on a photographic plate. 9 Franklin subsequently spent three years in Paris studying x-ray diffraction techniques.
Upon returning to London, she began applying her new x-ray diffraction techniques to DNA research at King's College. 7,8 X-ray crystallography permits precise mapping of the locations of atoms within any crystal by analyzing the image of the crystal exposed by an x-ray beam. 10 Through extremely complicated analysis of DNA images, Franklin discovered that the sugar-phosphate backbone of DNA lies on the outside of the molecule and revealed the basic helical structure of the molecule. 10 She described two forms of DNA, as determined by the relative humidity in the surrounding air. This enabled her to recognize that the phosphate part of the molecule was external to the other structures. 11 Franklin's now-famous Photograph 51 (Fig. 2) demonstrated the markers for a helical structure. 12, 13 Dr. Maurice Wilkins, who was technically her "boss" at King's College London, shared Photograph 51 and other documentation from her research with Watson and Crick at Cambridge University without Franklin's knowledge or permission. 14 Watson and Crick used Rosalind Franklin's data and images in their research on DNA. In the April 25, 1953, issue of Nature, Watson and Crick published their "discovery" of the doublehelix model for the structure of DNA, using Franklin's manuscript published in the same issue to validate their findings by inserting a line in her research article that referred readers to their model. 15 Rosalind Franklin later explored other areas of research and made additional significant contributions to science. She developed ovarian cancer, perhaps as a result of being exposed to radiation during her DNA research, and died in 1958 at the age of 37, long before any of her DNA research colleagues. 8, 16 Maurice Wilkins, James Watson, and Francis Crick received the Nobel Prize for their discovery of the DNA double helix in 1962. 14 The Nobel Prize is awarded to no more than three recipients, all of whom must be living. Although the discovery of DNA has been hailed as the most important biological work of the past 100 years, 11 Rosalind Franklin's contribution to the discovery of the DNA helix structure went unmentioned. 11
Crystallography and X-Ray Diffraction
X-ray diffraction is a process by which x-rays are passed through the molecular lattice of a crystal, revealing the crystal's underlying atomic structure. Von Laue first introduced diffraction in 1912, and since that time, x-ray diffraction has grown to encompass crystallography of DNA structure, proteins, various molecules, and complex structures. Understanding how x-ray diffraction is useful requires understanding some basic underlying properties of x-rays, atoms, and crystals.
X-rays possess wavelengths measuring approximately 0.5 to .1 Å. This wavelength is very important for the process of scattering to occur and is specific only to the x-ray portion of the electromagnetic spectrum. Because the electron cloud around each atom in the crystalline lattice is affected by the specific wavelength of x-rays, it then becomes possible for a particle such as an atom to disperse the incoming radiation in the form of nonlinear Thompson scatter (or Rayleigh scattering). This scattering occurs throughout the lattice of the crystal and results in constructive and destructive wave interference creating a specific pattern and revealing its underlying structure.
The most complex stage of diffraction and crystallography occurs not with the actual experiment but with the reconstruction of the diffraction pattern for analysis. Unlike visible light, lenses or other materials cannot focus x-rays. X-rays travel in straight, divergent beams. After the sample material has diffracted the x-rays, the reconstruction process involves elaborate mathematical manipulations based on the scatter radiation amplitude and frequency.
In crystallography, there is an inherent problem in these value determinations. Only the diffraction process itself can satisfy the amplitude's value, so this leaves the phase to be determined by other means. Such methods are complex mathematical operations determined by the scattered radiation interactions and the position of the atoms within the subject crystal.
X-ray diffraction methods can range from simple to complex. X-ray diffraction of many complex organic substances remains on the leading edge of the technology used to research the diagnoses and treatment of countless medical diseases and conditions. Although discovered almost a century ago, it has and will continue to support innovative research in medical science.
Quartz and NaCl Composition
There are seven ways that crystals are arranged, and each system is identified by specific nomenclature-specifically, triclinic, monoclinic, orthorhombic, tetragonal, hexagonal, trigonal, and cubic. For the purpose of this study, only cubic, hexagonal, and trigonal arrangements for quartz crystals and sodium chloride crystals are considered.
Quartz crystal is composed of silicon and oxygen, as represented by the chemical formula SiO 2 . Quartz crystal lattice structure belongs to the hexagonal or trigonal system. SiO 2 has a melting point of 573°C and possesses a specific gravity of 2.66. Quartz crystal in the rock form can be found in various locations in the world, including parts of Brazil, Africa, and near the geological hot springs of Arkansas. The chemical formula NaCl represents sodium chloride, which is commonly referred to as table salt or halite. Sodium, which contains only one electron in its outer shell, forms a strong ionic bond with chlorine, which has seven electrons in its outermost shell. This relationship of electrons satisfies the octet rule for electrons, creating an extremely stable molecule. Sodium chloride has a crystal lattice structure that belongs to the cubic system, with a relatively high melting point of 801°C and a specific gravity of 2.16.
Rayleigh Scattering
In Rayleigh scattering, electromagnetic radiation interacts with the electrons of an atom, causing the electrons to vibrate at the same frequency as the incident radiation. The vibrating electron cloud cause the atom to become a point source, producing scatter emission that has the same energy and wavelength as the incident radiation. 17 The radiation propagating from the regularly spaced atoms and molecules of the crystalline lattice interacts constructively and destructively, which exposes the receptor in the characteristic patterns ( Fig. 3) . 18 This phenomenon of constructive and destructive diffraction proves that there is a wave motion component in the dichotomy of quantum photons and a wave motion nature of electromagnetic radiation. 19 A crucial physical aspect of quantum mechanics is the "wave/particle dualism." In the XIX century physics, there was a sharp distinction between the "wave behavior of the light and, in general, of the electromagnetic radiation, and the particle behavior of the material objects. 20
The objective of performing x-ray crystallography is to demonstrate the 3D molecular structure from a crystal by exposing the crystal with a beam of x-ray. The diffraction patterns obtained can be analyzed to deduce information about the crystal's symmetry and the size of the repeating unit forming the crystal. The intensity of points in the image determines the structural factors, which permits mapping of the electron density through mathematical calculations. 21 
Methods
A pinhole camera was constructed by placing a 0.5-mm hole through a 3.5-mm-thick lead shield for the experiment (Fig. 4 ). 21 The pinhole limits the incident x-ray to a narrow beam. Very thin slivers of the crystals were taped to the underside of the pinhole. The lead shield, with crystal attached, was then suspended 10.0 cm above a standard x-ray cassette for the exposures. Using a Philips Super 80CP, two consecutive exposures were made for each image of NaCl and SiO 2 with 40 kV, 200 mA, and 1600 ms at a 69-cm source image distance.
Digital manipulation of the images following exposure optimized the image quality. The spaces between the spots reflect the dimensions of the unit cell, which is the smallest repeating unit within the crystal. The larger the cell, the more spots present for each unit. The shape formed by the spots shows the symmetry of the diffraction pattern, thus identifying the crystal type. 21 Figure 5 shows the two images produced using the apparatus in Figure 4 . The diffraction pattern created by quartz appears more complex compared to the pattern of salt, which is consistent with differences in their molecular structure. Mathematical and geometric analysis of these images would permit experienced crystallographers to determine the molecular structure of the crystals imaged.
Results
Discussion
This research replicates the basic methods used by Dr. Rosalind Franklin to create the diffraction pattern of DNA, which Maurice Wilkins, James Watson, and Francis Crick used to interpret the physical structure of the DNA molecule, now revolutionizing the field of medicine through the Human Genome Project. The diffraction of x-rays through crystals also demonstrates the wave behavior component of wave-particle dualism in the electromagnetic spectrum, reinforcing the theories taught in radiation physics. This simple experiment can be replicated in any radiographic laboratory and will help students understand the wave motion component of electromagnetic energy.
Perhaps of even greater importance in the educational setting is the subsequent discussion raised about the continuing unrecognized contribution of imaging specialists in medical research. The images and insights of Rosalind Franklin were used without her knowledge, consent, or appropriate acknowledgment. Similarly, radiographers and sonographers frequently contribute to medical research through the images they produce and their observations that are used by others. A more recent example of this was the publication of the association of the weight loss drugs Fen-Phen and Redux with heart valve disease. Over a period of 16 months, Pam Ruff, RDCS, gathered data of the association but was ignored by the physicians involved until the sonographers data became overwhelming. When the article was finally published by the physicians and the drugs removed from the market, Ms. Ruff's contribution was called the serendipitous connection between several physicians, beginning in May 1996. 22, 24 Those who create the images critical to medical research are similarly rarely acknowledged, yet photographers are routinely credited for their photographs in published works. All radiographers and sonographers should become more aware of their role in medical research and develop an appreciation that their work, observations, and technical knowledge do contribute to scientific investigation. Creators of images used in scientific displays and publications should be credited for their work. An image good enough to publish is an image good enough for an attribution.
